Abstract. This study proposes an aerosol-type classification based on the particle linear depolarization ratio (PLDR) and single scattering albedo (SSA) provided in the AErosol RObotic NETwork (AERONET) version 3 level 2.0 inversion product.
Version 3 of the AERONET retrieval methodology provides us with spectral PLDR as standard inversion product. In this study, we use the information on the shape (PLDR) and light-absorbing properties (SSA) of particles for refining aerosol typing that can be obtained from using standard AERONET measurements. We retrieve the dominant aerosol type at selected AERONET sites in East Asia and investigate their seasonal variation and optical properties.
We describe our methodology in Section 2. In Section 3, we present and discuss our results. A summary and conclusion of 5 this work is presented in Section 4.
Data and methodology

Parameters
Polarization lidar allows us to infer PLDR from measurements of the particle backscatter coefficient (β p λ ) in different planes of polarization compared to the plane of polarization of the emitted linearly polarized laser light:
AERONET instruments measure direct solar radiation and sky radiation. The measurements are automatically analyzed using the AERONET inversion algorithm (Dubovik et al., 2006) . The retrieved aerosol products are stored in the AERONET data base (https://aeronet.gsfc.nasa.gov/, last access: 30 January 2019). In the AERONET retrieval, the elements F 11 (λ) and F 22 (λ)
of the Müller scattering matrix (Bohren and Huffman, 1983 ) are computed from the particle size distribution and the complex 15 refractive index that can be inferred from AERONET level 2 data products. The element F 11 (λ) is proportional to the flux of scattered light in the case of unpolarized incident light while F 22 (λ) strongly depends on the angular and spectral distribution of the radiative intensity (Bohren and Huffman, 1983) . From the elements F 11 (λ) and F .
20 Noh et al. (2017) report that PLDR from the AERONET inversion products shows high correlation with lidar-derived values.
PLDR can be used to calculate the contribution of dust to the particle backscatter coefficient for an external aerosol mixture.
Shimizu et al. (2004) and Tesche et al. (2009) define the dust ratio (R d ) as:
Here, δ termined from lidar or AERONET observations Shin et al., 2018) . Shin et al. (2018) recently discussed AERONET-retrieved PLDR from different source regions. The authors find that PLDRs at 870 and 1020 nm are likely to be the two most reliable quantities. The authors based this finding on comparison to literature values obtained from lidar observations of pure dust particles. We accordingly apply the aerosol classification procedure to AERONET measurements at 1020 nm. We (Shin et al., 2018) . When PLDR was lower than δ p nd or higher than δ p d , R d was set to 0 or 1, respectively. The spectral SSA is the ratio of the scattering and extinction of light by particles and is generally used to define their absorbing characteristics. In this study, we use SSA to distinguish between non-dust particles that are non-absorbing (NA), weakly absorbing (WA), moderately absorbing (MA), and strongly absorbing (SA). 
Data selection
We selected AERONET sites in East Asia to develop our methodology. These sites are in a region that is influenced by both natural and anthropogenic aerosols such as anthropogenic particles from fossil fuel combustion, biomass-burning smoke, and mineral dust (Nakata et al., 2016) . We combine the stations Beijing and Xianghe into what we denote as Greater Beijing.
The stations Seoul and Yonsei_University are considered representative for Seoul. Osaka is represented by the stations Osaka 10 and Shirahama. We considered Gosan to represent regional background aerosols in East Asia as there are few anthropogenic sources near this site. The AERONET inversion is only performed for measurements with a 440-nm AOD larger than 0.4 (Dubovik et al., 2006) . For the aerosol type classification we use the AERONET level 2.0 version 3 inversion products of particle size distribution, PLDR, and SSA available as of February 2018. This means that the time series considered here cover the time frame from the beginning of measurements at the respective sites up to between the end of 2016 and the middle of 
2017.
We considered other AERONET stations to evaluate the results of our aerosol classification. These stations are generally considered to be representative for (1) anthropogenic particles: Goddard Space Flight Centre (GSFC, USA), Ispra (Italy), and Mexico City (Mexico), (2) biomass-burning smoke: Alta Floresta (Brazil), Mongu (Zambia), and Abracos Hill (Brazil), and (3) Saharan dust: Capo Verde (Cape Verde), Banizoumbou (Niger), and Dakar (Senegal). Detailed information on the AERONET 20 sites considered in this study is provided in Table 1 .
Correlation between PLDR and other optical properties
To investigate whether PLDR can be used as the base parameter for aerosol type classification we analyzed how SSA and volume particle size distribution vary with respect to different intervals of PLDR. These parameters have been used for aerosol type classification in previous studies (Kim et al., 2007; Lee et al., 2010) . Figure 1 shows clearly distinguishable patterns of 25 spectral SSA. The increase of SSA with increasing wavelength for PLDR> 0.28 is characteristic for mineral dust (Giles et al., 2012) . In contrast, the decrease of SSA with increasing wavelength for PLDR< 0.1 is in line with anthropogenic pollution and biomass-burning smoke (Giles et al., 2012) . In addition, SSA at 1020 nm is remarkably different compared to SSA at other wavelengths according to the PLDR. Values are in the range between 0.91 and 0.94 for PLDR< 0.1 and between 0.96 and 0.99 for high PLDRs. In contrast to the other wavelengths, these differences are very small at 440 nm. The composition of min-30 eral dust often includes clay minerals or iron oxides that lead to strong light-absorption at short wavelengths (Derimian et al., 2008) . The main light-absorber of anthropogenic pollution is black carbon or soot, which exhibits light absorption throughout the entire solar spectrum (Bergstrom et al., 2002) . Aerosol particles which are categorized by PLDR into dust particles Figure 2 shows that the variation of the fine-mode and the coarse-mode part of the size distribution with respect to PLDR is also clearly distinguishable. The fine-mode particles dominate at lower PLDR and their contribution decreases with increasing PLDR. Conversely, the contribution of the coarse-mode to the total volume concentration (CMFvc) increases as PLDR 5 increases. CMFvc is less than 0.5 for PLDR< 0.06 and higher than 0.9 for PLDR> 0.30.
Values of PLDR≥ 0.3 indicate nearly pure dust particles (Freudenthaler et al., 2009; Shin et al., 2018) , whereas PLDR< 0.1 is representative for anthropogenic pollution or biomass-burning smoke (Burton et al., 2012) . External mixtures of mineral dust and non-spherical particles reveal PLDRs in the range from 0.08 to 0.30. Consequently, PLDR varies according to the dominant aerosol type in the mixture (Shin et al., 2015) . 
Aerosol classification method
Atmospheric aerosols are typically classified into four major types according to their size and light-absorbing property. For instance, Lee et al. (2010) used FMF and SSA from the AERONET version 2 level 2.0 inversion products to classify aerosols into black carbon (BC), mineral dust, non-absorbing (NA) particles, and mixed particles. In our aerosol classification method, we use PLDR for obtaining information on the shape of the particles. We also use R d to set a threshold of PLDR for aerosol 15 classification with respect to the contribution of mineral dust to the aerosol mixture. SSA is used to distinguish absorbing from non-absorbing aerosols. The reason for using PLDR instead of FMF, which has been used, e.g. in Schuster et al. (2006) and Lee et al. (2010) , is that the former study provides a clearer separation between non-spherical dust particles and rather AOD provided by AERONET to dust AOD retrieved with the use of PLDR and showed that the former tends to overestimate the contribution of mineral dust to AOD. As a consequence, FMF or fine-mode AOD, when used as proxy for identifying nondust aerosols, would lead to a systematic underestimation of the contribution of non-dust particles to the total aerosol plume.
Further benefits of using PLDR rather than FMF for aerosol type classification will be discussed later. Murayama et al., 2004; Shimizu et al., 2004; Shin et al., 2015) . Asian dust generally mixes with other aerosol types during long-range transport, which leads to a wide range in PLDR. properties and size of PDM is likely to be closer to the characteristics of pollution particles than to DDM. In the same way, the light absorbing properties and size for DDM are more likely to resemble the characteristics of pure dust.
SSA at 440 nm is usually used to identify dust particles (Kim et al., 2007; Lee et al., 2010) . Here, we use SSA at 1020 nm as we have already classified mineral dust and non-dust particles based on PLDR. This means that we can make use of the better contrast that we find between black carbon and dust particles when using SSA at 1020 nm, and we can use this 5 contrast for our threshold-based identification of different absorbing particle types and their mixtures. The SSA at 1020 nm of water soluble aerosols, including sulphates, is close to unity (Hess et al., 1998) , whereas SSA is close to zero for BC (0.07 at 1020 nm, Haywood and Ramaswamy 1998). The SSA values for aerosol mixtures (e.g., BC with sulphate) vary, depending on the relative humidity and mixing ratio (e.g., 0.91 at 70% RH and 0.5 BC/sulphate mixing ratio for an internal mixture) (Wang and Martin, 2007) . Dubovik et al. (2002) report on SSA at 1020 nm of 0.83-0.95, 0.78-0.91, 0.97-0.99, and 0.97 for 10 urban/industrial pollutant, biomass burning, desert dust, and marine aerosol, respectively. We note that pollution particles which were classified by PLDR could consist of both biomass-burning aerosol and anthropogenic aerosols. The biomassburning aerosol contains BC, while anthropogenic aerosol contains BC and/or NA. Therefore, we conclude that anthropogenic aerosols with higher SSA consist mostly of NA whereas particles with lower SSA indicate that NA is mixed with BC. For this reason, an SSA threshold of 0.95 is used to identify NA and to mark the upper limit for SSA of anthropogenic pollution.
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Depending on 1020-nm SSA, absorbing aerosols are then further divided into strongly absorbing (SA, SSA< 0.85), moderately absorbing (MA, SSA= 0.85 − 0.9), and weakly absorbing (WA, SSA= 0.90 − 0.95). Figure 4 shows a 2-d histogram distribution of the relation between FMF and PLDR. Desert dust predominately consists of 20 coarse-mode particles, whereas combustion-produced particles are predominantly found in the FMF of particle size distributions. The PLDR is close to zero for spherical particles such as anthropogenic or smoke particles and increases with increasing particle non-sphericity. The dominant aerosol type in the aerosol mixture can be distinguished based on knowledge of FMF and PLDR. We find a strong negative correlation of R is even more pronounced. Values of FMF are 0.71 ± 0.09, 0.80 ± 0.08, and 0.90 ± 0.05, respectively. SSA is 0.88 ± 0.26, 0.87±0.21, and 0.85±0.25, respectively. The spectral dependence of SSA in Sector E is also distinguishable from that of SSA in Sectors F and G. SSA increases with increasing wavelength in sector E. Such a spectral behaviour is a characteristic feature of mineral dust. The SSA decreases with increasing wavelength in Sector G. We find little spectral variation of SSA in Sector 5 F. Sectors F and G are more likely to represent pollution particles, whereas Sector E more likely contains mixtures of pollution and mineral dust.
Results
FMF versus PLDR for aerosol-type classification
The volume particle size distribution and spectral SSA in Sector A (pure dust based on PLDR) is clearly different from the ones in the other sectors. Sector A contains coarse-mode-dominated particle size distributions (FMF= 0.31 ± 0.18) and shows a spectral SSA that resembles the one of mineral dust. Similarly, the spectral characteristics of SSA of aerosols in Sectors B, C, We conclude that the FMF might be too ambiguous a parameter to distinguish aerosol types in mixed dust-pollution plumes.
In contrast, PLDR is a more reliable parameter for aerosol type classification in which mineral dust is part of the aerosol.
Our method is particularly useful for observations in East Asia were mineral dust is almost always mixed with pollution.
We therefore propose a refined categorization into pure dust, dust-dominated mixtures, pollution-dominated mixtures, and pollution. 
Characteristics of aerosol types over East Asia
We investigated the regional and seasonal characteristics of aerosol over East Asia. The rates of occurrences of aerosol types at each AERONET observation site are shown in Figure 6 . Regardless of season, pollution particles (NA+WA+MA+SA) are detected persistently over East Asia with 50%-67% occurrence rate. Pollution particles are detected most frequently at Seoul (67%). The lowest occurrence rate of pollution of 50% was found at Gosan. The seasonal variation and specific type 25 of pollution differ for the different sites. Aerosols classified as more light absorbing (MA+SA), are detected most frequently at Greater Beijing (SA: 4%, MA: 15%) and Osaka (SA: 5%, MA: 15%) followed by Seoul (SA: 2%, MA: 9%) and Gosan (SA: 3%, MA: 4%). The most frequently detected aerosol types over Seoul were NA (24%) and WA (32%). Differences in the frequency of different types of pollution particles, i.e. the BC-dominated types MA and SA and WA and NA which contain little or no BC, can be explained by the sources of the aerosols. The occurrence rate of MA and SA at Greater Beijing (19%) is 30 larger than at Seoul (11%). China has become a major source of BC because of fossil fuel combustion stemming from industry, domestic heating, and cooking. The contribution of BC in pollution thus has increased. In contrast, water-soluble (hygroscopic) aerosol particles such as sulphate or nitrate might be dominant in the anthropogenic pollution plumes over Seoul. The occurrence rate of pure and polluted dust (PD, DDM, and PDM) over East Asia is slightly lower (34%-49%) than that of dust-free pollution. PDM is the most frequently detected aerosol type (over East Asia) of all types that include dust, i.e. PD, DDM, and PDM. The occurrence rates of PDM were 28%, 28%, 33%, and 23% for Greater Beijing, Seoul, Gosan, and Osaka, respectively. In contrast, the occurrence rate for PD was around 1% at most sites. The highest occurrence rate for PD is found at Greater Beijing (1%). Central Asian dust usually has traveled over densely populated and highly industrialized areas 5 of China before it is detected. That means, as the result of transport path and time dust has usually mixed with pollutants before being detected (Sun et al., 2005; Shin et al., 2015) . The lowest occurrence rate for PD and relatively higher occurrence rate for PDM and DDM over East Asia corroborates this assumption, i.e. that dust particles over East Asia are typically mixed with anthropogenic pollution.
The seasonal variation of each aerosol type retrieved with our aerosol classification method corroborates the findings of (Guo et al., 2011) . PD is observed at all sites during spring but only with low occurrence rates of 1% to 4%.
PD is also rarely observed during the other seasons. The occurrence rates of pollutant particles are consistently high except during spring. The distributions and types of pollutant particles are rather complex because of the variety of their source with 15 respect to location and season. Higher rates of SA and MA are detected at most observation sites during winter, which is likely the result of increased combustion of coal for domestic heating. In contrast, the Gosan site is less influenced by strong lightabsorbing particles during winter compared to the other observation sites as it is located away from highly industrialized areas.
The higher SA and MA occurrence rates detected during summer at Osaka might be due to regional climate effects: a high oxidant level from local emissions, high temperature, and strong thermal insulation support the conversion of volatile organic 20 compounds into secondary organic aerosols (SOA, Sano et al. 2016) . The aged SOA could produce brown carbon (BrC) which is significantly light-absorbing (Liu et al., 2016) .
Another feature to note is the occurrence rate of NA and WA which increases during summer at all sites. Sulphate and nitrate are major contributors to the aerosol loading during summer over East Asia. Strong solar radiation, high ambient temperature, and high relative humidity during summer in East Asia enhance photochemical processes. These conditions may 25 have been responsible for the higher summer concentrations of ammonium sulphate and nitrate (Jung et al., 2009) . The Asian monsoon is another possible reason for the increased frequency of occurrence of NA and WA during summer. Increased relative humidity and associated hygroscopic particle growth during monsoon season can cause changes in aerosol scattering properties (Xia et al., 2007) . Regardless of season, significant amounts of NA and WA are detected at the coastal sites Gosan and Osaka.
The high valued of NA and WA might be the result of large contributions of maritime aerosol which is strongly light-scattering 30 as well as highly hygroscopic.
Dominant aerosol types at representative aerosol source regions
In order to validate our method, we used it to determine the dominant aerosol types at well-characterized AERONET sites representative for anthropogenic pollution, biomass burning particles, and mineral dust (Dubovik et al., 2002; Choi et al., 2016) . Details on the selected sites together with the occurrence rates of different aerosol types are given in Table 3 .
2012;
The dominant aerosol type at dust sites was PD with occurrence rates of 64% to 81%. PD was most frequently detected at Cape Verde with 81% occurrence rate. Additionally, notable occurrences rate for DDM (16% to 35%) and PDM (0% to 4%) are also found at the dust sites. This suggests that AERONET sites in or close to source regions of mineral dust are frequently 5 affected by local pollution or other aerosols from sources upwind. The highest occurrence rate of 35% for mixed dust types (DDM+PDM) was found at Dakar where local pollution has a much stronger effect on aerosol composition compared to other Saharan sites (Petzold et al., 2011) .
The sites for anthropogenic pollution show an extremely high occurrence rate of pollutants of 93% to 99%, though the occurrence rates of the individual sub-types vary from site to site. Higher occurrence rates of NA and WA were found at GSFC 10 (34% and 47%) and Ispra (32% and 37%). Conversely, a higher occurrence rate of MA (34%) and SA (29%) was found at Mexico City, which is frequently affected by severe air pollution that mostly consists of fine-mode and carbonaceous aerosols (Choi et al., 2016) . Choi et al. (2016) used cluster analysis in combination with AERONET data and found that secondary inorganic particles dominate at GSFC. Carbonaceous aerosol has strong light-absorption properties, whereas secondary inorganic aerosols such as sulphates predominantly scatter light (Bond and Bergstrom, 2006) .
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The frequency distribution of SA and MA are higher at the biomass-burning sites. Those sites are considered to be affected by mostly light-absorbing particles from combustion. A high occurrence rate of 96% of SA was found at Mongu. MA is the most frequently detected type at Alta Floresta (42%) and Abracos Hill (41%). BC is produced by flaming fires, i.e. at high temperatures. This type of BC production is prevalent at Mongu, whereas production of primary organic carbon (OC) at lower temperature (smoldering fires) is dominant at Alta Floresta (Reid et al., 2005; Choi et al., 2016) . The occurrence rates of NA 20 (4%) and WA (34) at Alta Floresta and Abracos Hill are also distinguishable from the rates at Mongu where less than 0.5% were detected as NA or WA. The photochemical formation of secondary inorganic aerosols due to emissions from biomass burning seems to be much more frequent at Alta Floresta and Abracos Hill compared to Mongu (Choi et al., 2016) . behaviour of SSA at these sites strongly resembles the ones presented by Dubovik et al. (2002) , Eck et al. (2009 ), Giles et al. (2012 ), and Shin et al. (2018 . Dust particles exhibit strong light absorption at short wavelengths and lower absorption in the visible and near infrared wavelength region (Shin et al., 2018) . Fine-mode particles and hygroscopic particles such as sulphate show nearly neutral spectral dependence of SSA and overall stronger light-scattering, i.e. higher SSA (Dubovik et al., 2002) .
BC has the strongest light-absorption properties in the near-infrared wavelength region. OC and BrC exhibit stronger light-30 absorption properties at ultraviolet and visible wavelengths (Eck et al., 2009) .
The SSA at sites that represent anthropogenic pollution likely reflects the spectral features of SSA of fine-mode particles and hygroscopic particles. The value of SSA at Mexico City is lower than at other anthropogenic sites in the entire wavelengths.
Mexico City is frequently influenced by air pollution that likely consists of more carbonaceous aerosols, whereas GSFC and Ispra are affected by secondary inorganic particles (Choi et al., 2016) . Additionally, the spectral dependence of SSA at the biomass-burning sites is similar to that of BC. We note that the values of SSA at the Mongu site are much lower than the values of SSA at the other biomass-burning sites in the entire wavelength. Various absorbing aerosols (e.g., BC, OC, BrC, or secondary inorganic aerosols) can be emitted from biomass burning. The lower SSA at Mongu might be the result of a higher fraction of BC compared to the other biomass-burning sites. Consequently, the spectral dependence of SSA at Alta Floresta and Abracos Hill is more neutral with high values of SSA compared to Mongu. BC has the strongest light-absorption properties in 5 the near-infrared wavelength region, while OC and BrC exhibit stronger light-absorption properties at ultraviolet and visible wavelengths (Eck et al., 2009) . The spectral dependence of SSA at the dust sites is representative of mineral dust particles.
Figure 7 also compares the spectral SSA at the AERONET sites to the spectral SSA of the aerosol types defined in our classification method (see Figure 3) . The SSA for NA is higher than SSA at the anthropogenic sites at all wavelengths. The SSA for WA is similar to values obtained at GSFC and Ispra. We conclude from this that NA -in view of the definition of The spectral SSA of DDM and PD is similar to the one found at the dust sites. However, the SSA of DDM is slightly lower 20 than SSA of PD and of the AERONET dust sites as a result of mixing with pollutant particles. Accordingly, the SSA of PDM are even lower than of PD, DDM, and AERONET dust sites as it is defined to feature a larger contribution of pollutants.
The volume size distributions show a dominance of coarse-mode particles at the dust sites. Coarse-mode particles also contribute strongly to the total volume size distribution for PD and DDM, whereas a lower contribution of coarse-mode particles is found for PDM. This result is in line with an increased concentration of anthropogenic pollution or biomass-burning smoke 25 which, in the PDM type, are typically considered to be fine-mode particles (Eck et al., 1999) .
Fine-mode particles contribute strongest to the total volume size distribution at biomass-burning sites. Additionally, the contribution of fine-mode and coarse-mode seems evenly distributed in the total volume size distribution for MA and SA. Reid et al. (1998) found from studies in rain forest regions of Brazil that fresh smoke particles are significantly smaller than well-aged smoke particles. We believe that fresh smoke particles contribute significantly at the biomass-burning sites, whereas 30 MA and SA detected over East Asia are affected not only by fine-mode particles but also a considerable amount of coarse-mode particles, in contrast to the source regions of biomass burning. The contributions of fine-mode and coarse-mode particles to the total volume size distributions are rather similar for the anthropogenic sites. However the contribution of fine-mode particles to the total volume size distributions is dominant for NA. 
Summary and conclusions
We presented a methodology that is used for classifying the dominant types of aerosol particles in mixed aerosol plumes. We used PLDR and SSA that are provided in the AERONET version 3 level 2.0 inversion products. Dusty aerosol mixtures were separated according to pure dust, dust-dominated mixtures, pollution-dominated mixtures and pollution. The pollutants were classified as non-absorbing, weakly absorbing, moderately absorbing and strongly absorbing particles based on using SSA 5 at 1020 nm. The new aerosol typing method provides detailed information on aerosol mixtures that contain varying levels of mineral dust.
We tested our method at East Asian AERONET sites that are frequently affected by various aerosol type. We found that aerosols categorized as pollutant (NA+WA+MA+SA) are most frequently detected over East Asia. The detection rate was 50%-67%. The distribution and types of pollutant vary according to the location of sites and season. The frequency distribution 10 for PD or dust-containing aerosol (DDM+PDM) plumes is lower than that of pollutants. Moreover, PD was detected in less than 1% of the observations at most sites over East Asia. This suggests that dust over East Asia is almost always mixed with other types of aerosol.
We compared the results of our aerosol-type classification to the aerosol properties obtained from selected AERONET sites which are considered to be representative for different aerosol types, i.e. anthropogenic pollution, biomass-burning smoke and 15 mineral dust. For anthropogenic pollution, we found that that MA and SA occur most frequently at Mexico City, whereas GSFC and Ispra are affected most strongly by NA and WA. The frequency distribution of SA and MA is higher at the biomass-burning sites. Those sites are affected by mostly light-absorbing particles from combustion. PD is the dominant aerosol at dust sites.
From the comparison to representative AERONET sites, we conclude that the method we use to identify dominant aerosol types over East Asia also leads to reasonable results at other sites. The proposed method has the potential to provide improved 20 information on aerosol type in regions where various types of aerosol are frequently present in the form of complex mixtures -not only over East Asia but also elsewhere on the globe. Application of our aerosol-typing method to the global AERONET data base will provide useful information for the validation of chemical transport modelling as well as (active) spaceborne sensors that provide PLDR observations. Data availability. The data used in this work are freely available through the AERONET portal at http://aeronet.gsfc.gov/.
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